Diphenylphosphine functionalized propionic acid was applied for the synthesis of heteromultimetallic dimolybdenum(II) complexes. The ligand features both carboxylic acid and phosphine functionalities, allowing the selective synthesis of a tetracarboxylate bridged Mo 2 (II)-paddlewheel structure in a first step.
Introduction
In the last decades molybdenum has been extensively studied regarding the formation of multiply-bonded M 2 n+ compounds, due to the complexes' unique scaffold, redox behavior, spectroscopic properties 1 as well as catalytic applications. [2] [3] [4] The formation of dimolybdenum(II) paddlewheel structures requires ligands, which support a bidentate bridging coordination mode, e.g. carboxylates (O 2 CR − ) or amidinates ((RN) 2 C(R′) − ). 1 Both ligand systems are easily adjustable regarding their solubility behavior, steric demand as well as the introduction of additional functionalities. However, for the formation of heteromultimetallic structures containing a dimolybdenum(II) core unit, the application of bifunctional ligands, exhibiting orthogonal functionalities is mandatory. This was e.g. demonstrated by Mashima et al., who utilized the bifunctional ligand 6-diphenylphosphino-2-pyridonate ( pyphos) for the formation of Mo 2 4+ centered heterometallic structures via the phosphine coordination of Pd(II) and Pt(II) (Scheme 1A). 5 Additionally, our group investigated the application of bifunctional ligand 4-(diphenylphosphino) benzoic acid for the formation of heterometallic dimolybdenum(II) complexes. The synthetic strategy resulted in heteromultimetallic structures of the general formula [Mo 2 (O 2 C-Ph-PPh 2 ) 4 (ML x ) 4 ] (M = Au, Rh, Ir), which have been studied in detail regarding their tunable photophysical properties. 6 In general, phosphine functionalized carboxylic acids have been proven advantageous for the synthesis of heterometallic complexes, 7, 8 as they are able to selectively coordinate via different bonding modes to various metal ions by their hard carboxylic and their soft phosphine donor centers. [9] [10] [11] [12] Such ligand systems allow the combination of early and late transition metals within an organometallic structure, a research field, which has been comprehensively studied in the last years. Hereby, cooperative effects, caused by an electronic communication between metal ions, can amongst others lead to enhanced catalytic systems or interesting photophysical properties. 9, 13 The bifunctional ligand 3-(diphenylphosphino)propionic acid is sterically less demanding in comparison to the previously discussed 4-(diphenylphosphino) benzoic acid (Scheme 1B), thus exhibiting a higher flexibility between the two functional moieties. Hence, 3-(diphenylphosphino)propionic acid is able to function as a flexible hemilabile chelating system. [14] [15] [16] [17] Here, both the carboxylic acid and phosphine functionality are able to coordinate with different bonding strength to a metal center (Scheme 2B), which is of high interest regarding the construction of organometallic catalysts. 7,17-19 3-(Diphenylphosphino)propionic acid has already been successfully applied as a bifunctional ligand for the construction of supramolecular structures as well as heterometallic complexes, applying different metal combinations. 8, [20] [21] [22] Herein, we report the synthesis of tetracarboxylate dimolybdenum(II) complex [Mo 2 (O 2 C-C 2 H 4 -PPh 2 ) 4 ] (1) and its application as a fourfold metalloligand, applying 3-(diphenylphosphino)propionic acid. The four additional phosphine donor sites allowed for subsequent treatment with late transition metals, obtaining heteromultimetallic complexes (Scheme 2A). Due to the ethylene-spacer between the phosphine and the carboxylate unit, a significantly enhanced flexibility of the ligand, compared to those shown in Scheme 1, was anticipated. This was proven by the coordination of different Au(I) species, which enabled the formation of dimeric as well as 1D polymeric structures via aurophilic interactions. 4 ] has proven to be an ideal starting material, 1, [27] [28] [29] [30] [31] e.g. in case of phosphine functionalized carboxylic acids. 6 Here, four acetate groups act as bidentate bridging ligands, forming a homoleptic paddlewheel structure around a Mo 2 4+ unit, 32 4 ], which has been sufficiently investigated for sterically less demanding phosphine ligands (R = Me, n-Pr, n-Bu). 33, 34 Yellow single crystals of 1 were obtained from slow diffusion of n-pentane into a solution of 1 in THF, allowing characterization by X-ray diffraction. Compound 1 crystallizes in the monoclinic space group P2 1 /n with half of a molecule in the asymmetric unit and no additional solvent molecules coordinating to the axial sites of the dimolybdenum unit. The molecular structure in the solid state, depicted in Fig. 1, reveals Interestingly, a 1D coordination polymeric structure is formed in the solid state, which is due to an axial coordination of phosphine ligands (P2, P2′) to neighboring Mo 2 4+ units ( Fig. 1 ). The distance between the phosphine ligands and dimolybdenum moieties (Mo1-P2) is 3.0162(6) Å. Hence, the flexible diphenylphosphino moiety allows an intermolecular axial coordination and formation of a supramolecular struc-ture. However, the axial phosphine coordination does not seem to have a significant influence upon the Mo-Mo quadruple bond. The intermolecular phosphine coordination to the axial coordination sites of a bridged Mo 2 4+ moiety is a known structural motif, 36 leading to 1D polymeric structures in specific cases. The application of the sterically more demanding diphenylphosphino benzoate ligand resulted, in earlier studies, in a similar 1D coordination structure in the solid state. 6 However, in the latter case a Mo-P distance of ca. 3.5 Å was observed, indicating only weak axial interactions compared to 1. Additionally, an axial attachment of two PPh 3 ligands to [Mo 2 (O 2 CCF 3 ) 4 ] was reported by Cotton, exhibiting similar, slightly longer Mo-P distances of 3.07(5) Å. 36 Additionally, 31 P{ 1 H} NMR measurements of 1 (CDCl 3 ) indicate no direct phosphor molybdenum interaction in solution, as merely a single resonance at δ = −14.7 ppm is detected, which displays the typical range for non-coordinating diphenylphosphino moieties and is in agreement with the results obtained for the structurally related [Mo 2 ( p-O 2 C-C 6 H 4 -PPh 2 ) 4 ]. 6 In the corresponding 1 H and 13 C{ 1 H} NMR spectra of 1, one set of resonances is observed for the ligand system, indicating the symmetric behavior of compound 1 in solution. Further information regarding the structural arrangement of 1 was obtained by vibrational spectroscopy. In a bridged coordination of a carboxylate unit (RCO 2 − ), the two C-O bonds are equivalent and the corresponding frequencies of the symmetric and anti-symmetric stretching modes can normally be detected as strong bands in the region of 1400-1600 cm −1 , mainly depending on the ligand and coordinated metal ions, respectively. 25, 36, 37 However, the evaluation of the corresponding IR data of 1 is complicated by the aromatic skeletal vibrations of the diphenylphosphino moieties. 25 For compound 1, the characteristic antisymmetric C-O stretching mode can be detected at ν a = 1517 cm −1 and the symmetric mode at ν s = 1427/1410 cm −1 , respectively. This is in agree-ment with data obtained for structurally related dimolybdenum complexes 25 and refers to a bridged carboxylate coordination mode. The symmetrically placed phosphine functionalities in metalloligand 1 enable the subsequent coordination of additional metal ions, e.g. late transition metals such as Au(I), Rh(I), Ir(I) and Ru(II). Thus, the formation of heteromultimetallic complexes with a dimolybdenum core unit can be realized. Furthermore, the choice of 3-(diphenylphosphino)propionic acid as a bifunctional ligand allows the investigation of potential metallophilic interactions of respective Au(I) functionalized structures. In a first approach, metalloligand 1 was reacted with four equivalents of [AuC 6 F 5 (tht)] (tht = tetrahydrothiophene), obtaining the heterometallic complex [Mo 2 (O 2 C-C 2 H 4 -PPh 2 ) 4 (AuC 6 F 5 ) 4 ] 2 (2) by ligand exchange reactions (Scheme 4).
Results and discussion 23
Yellow single crystals were obtained by slow diffusion of n-pentane into a solution of 2 in THF. The heterometallic complex 2 crystallizes in the triclinic space group P1 with one monomer, which is part of a dimeric structure, in the asymmetric unit (Fig. 2) . The formation of a dimeric structure in the solid state is due to aurophilic interactions between Au1 and Au2′ (respectively Au1′ und Au2). The distance between Au1-Au2 is 3.2198(4) Å and hence below the corresponding van der Waals distance of two gold atoms (3.32 Å), suggesting the presence of intermolecular aurophilic interactions. 38, 39 The aurophilic contacts between the Au(I) centers in 2 are most likely facilitated by the high flexibility of the applied ligand system, since no aurophilic contacts have been observed in the similar Au(I) functionalized complexes shown in Scheme 1B.
The main paddlewheel scaffold remains unchanged upon the AuC 6 F 5 complexation with a molybdenum-molybdenum quadruple bond length of 2.0904(9) Å, which is slightly shorter compared to 1. Regarding the Mo-Mo bond length, the influence of axially coordinating solvent molecules has to be considered. 35 Interestingly, in the case of 2, merely one THF molecule coordinates axially to each Mo 2 4+ moiety due to the dimeric structure, which shields the axial coordination site of Mo2 (Mo2′). Additionally, the remaining two gold atoms (Au3, Au4), which do not participate in aurophilic interactions, are The composition of compound 2 was further confirmed by multi-nuclei NMR measurements ( 1 H, 13 C{ 1 H}, 31 P{ 1 H} 19 F { 1 H}) as well as IR spectroscopy. In the 1 H NMR spectrum a downfield shift of the aromatic resonances, compared to metalloligand 1, is observed upon coordination of the AuC 6 F 5 units. In the 31 P{ 1 H} NMR spectrum a single resonance, significantly downfield shifted compared to metalloligand 1 (δ = −14.7 ppm), is detected at δ = 37.7 ppm in the splitting of a pseudo-quintet, indicating a sole phosphine-gold coordination (Fig. 4) . The resonance splitting is caused by a longrange phosphor coupling to the fluorine atoms of the C 6 F 5 moieties, an effect, which has already been observed in comparable complexes. [40] [41] [42] Additionally, in the 19 F{ 1 H} NMR spectrum, a characteristic set of three resonances for the C 6 F 5 units, with an integration ratio of 2 : 1 : 2, is observed at δ = (Fig. 4) . Analogously, a singlet resonance at δ = 15.6 ppm is observed for the Ir(I) compound 4 in the corresponding 31 P{ 1 H} NMR spectrum, confirming a complete phosphine-metal coordination and symmetric behavior in solution (Fig. 4) . The IR spectra of both compounds 3 and 4 are almost identical and exhibit the characteristic C-O stretching modes, confirming the isostructural composition of the two complexes. Red single crystals of the Ru(II) functionalized complex 5, suitable for X-ray diffraction, were obtained by slow evaporation of a DCM solution of 5. The compound crystallizes in the triclinic space group P1 with half of a molecule of 5 in the asymmetric unit (Fig. 3, right) . The molecular structure in the solid state exhibits the expected heteromultimetallic Mo 2 Ru 4 paddlewheel structure. Every Ru(II) center is hereby coordinated by a phosphine ligand, two chlorides and η 6 -coordinated p-cymene. Interestingly, the Mo-Mo quadruple bond length of 2.079(2) Å in 5 is the shortest of the dimolybdenum complexes presented here (1) (2) (3) (4) (5) (6) , yet still in the lower region of the expected range for a bridged coordination geometry (2.06-2.13 Å). 35 Due to crystallization in the non-coordinating solvent DCM, no axial donor coordination is observed in the solid state, which may amongst others explain the rather short Mo-Mo bond distance. Additionally, compound 5 was investigated by NMR and IR spectroscopy. In the 1 H and 13 C{ 1 H} NMR spectra (CDCl 3 ) additional resonances for the p-cymene ligand, in comparison to metalloligand 1, are observed. In the corresponding 31 P{ 1 H} NMR spectrum of 5 a singlet resonance at δ = 20.8 ppm is detected, referring to a complete complexation of the phosphine moieties with Ru(II) (Fig. 4) . Additionally, the symmetric and antisymmetric C-O stretching modes (ν a = 1508 cm −1 , ν s = 1424/1413 cm −1 ) are detected in the IR spectrum, confirming the proposed carboxylate coordination mode.
To introduce yet another Au(I) species besides AuC 6 F 5 and further investigate the potential formation of aurophilic interactions, as observed in 2, metalloligand 1 was reacted with [AuCl(tht)]. However, following this synthesis route no product formation was observed, most likely due to redox induced side reactions. Hence, in a different approach, utilizing the orthog-onal properties of the bifunctional ligand system, the literature known complex [3-(diphenylphosphino) propionic acid-gold(I) chloride] 43 was synthesized via reaction of 3-(diphenylphosphino)propionic acid with [AuCl(tht)]. A subsequent conversion with [Mo 2 (OAc) 4 ] led to the formation of heterometallic compound [Mo 2 (O 2 C-C 2 H 4 -PPh 2 ) 4 (AuCl) 4 ] (6) (Scheme 6).
Yellow single crystals of compound 6, suitable for X-ray diffraction, were obtained from a hot THF solution. Compound 6 crystallizes in the orthorhombic space group Pbcn with half of a molecule in the asymmetric unit and two THF solvent molecules axially coordinated to the dimolybdenum scaffold (ESI; Fig. S7 †) . Interestingly, a 1D coordination polymeric structure is formed in the solid state due to intermolecular aurophilic interactions between Au2-Au2′ ( Fig. 5 ), explaining the low solubility of 6 in common organic solvents. The distance of the respective gold atoms is 3.1427(12) Å and therefore below the corresponding van der Waals distance (3.32 Å), suggesting the formation of aurophilic interactions. 38, 39 Because of the sterically less demanding AuCl fragments, compound 6, in comparison to 2 (dimeric structure), forms a Scheme 6 Synthesis of heteromultimetallic Mo 2 Au 4 compound 6 via carboxylate substitution from molybdenum(II) acetate. Compound 6 forms a 1D coordination polymeric structure in the solid state (scheme merely exhibits the respective monomer). 
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supramolecular 1D polymer structure via aurophilic contacts. Additionally, the observed gold-gold distances in 6 are significantly shorter than in 2 (Au-Au distance: 3.2198(4) Å), which is attributed to the different steric demand of the gold substituents. In compound 6, all the gold atoms are coordinated in a near linear fashion, as indicated by the P-Au-Cl bond angles (P1-Au1-Cl1 178.0(2)°, P2-Au2-Cl2 177.8(2)°). The corresponding Mo-Mo quadruple bond length is 2.100(3) Å and lies in the expected region (see ESI; Fig. S7 †) . Compound 6 was further characterized by NMR and IR spectroscopy. In the 31 
Conclusion
In summary, we present the synthesis of heteromultimetallic dimolybdenum(II) complexes, utilizing the bifunctional ligand 3-(diphenylphosphino)propionic acid. The orthogonal carboxylic acid and phosphine functionalities allowed the selective synthesis of a tetracarboxylate bridged Mo 2 (II)-paddlewheel structure (1) in a first step, which was subsequently applied as a dinuclear metalloligand. Coordination of late transition metal precursors (gold(I), rhodium(I), iridium(I) or ruthenium(II)) to the phosphine moieties of the metalloligand led to the formation of heteromultimetallic complexes of the general composition [Mo 2 (O 2 C-C 2 H 4 -PPh 2 ) 4 (ML x ) 4 ]. Interestingly, the flexibility of the propionate ligand system helped, enabling the formation of intermolecular aurophilic interactions in the Au(I) functionalized dimolybdenum(II) complexes, whereupon either a dimeric (2) or a 1D coordination polymer structure (6) was formed in the solid state. These structures represent the first examples of heterometallic quadruply bonded dimolybdenum complexes, forming supramolecular structures via aurophilic interactions.
Experimentals

General procedures
All manipulations were performed under exclusion of moisture and oxygen in flame-dried Schlenk-type glassware or in an argon-filled MBraun glovebox. Prior to use, DCM was distilled under nitrogen from CaH 2 , and MeOH from magnesium. Hydrocarbon solvents (THF, n-pentane) were dried using an MBraun solvent purification system (SPS-800). THF was additionally distilled under nitrogen from potassium and benzophenone before storage over 4 Å molecular sieves. Deuterated solvents were obtained from Carl Roth GmbH (99.5 atom% D). Prior to use, CDCl 3 was stored over molecular sieves (4 Å). NMR spectra were recorded on a Bruker Ascend 400 MHz spectrometer. 1 H and 13 C{ 1 H} NMR chemical shifts were referenced to the residual 1 H and 13 C resonances of the deuterated solvents and are reported relative to tetramethyl silane (TMS). 31 P{ 1 H} and 19 F{ 1 H} NMR resonances were referenced to external 85% phosphoric acid and CFCl 3 , respectively. IR spectra were obtained on a Bruker Tensor 37 FTIR spectrometer equipped with a room temperature DLaTGS detector and a diamond ATR (attenuated total reflection) unit. Elemental analyses were carried out with a Micro Cube from Elementar Analysensysteme GmbH.
[Mo 2 (OAc) 4 ], 25 [AuCl(tht)] 44 and [AuC 6 F 5 (tht)] 45 were prepared according to literature procedures. Bis(1,5-cyclooctadiene)diiridium(I) dichloride (97%), molybdenum hexacarbonyl (98%) and 3-(diphenylphosphino)propionic acid (97%) were purchased from Sigma-Aldrich. Bis(1,5-cyclooctadiene) dirhodium(I) dichloride and dichloro( p-cymene)ruthenium(II) dimer (98%) were purchased from Alfa Aesar. They were all used as received.
Synthesis 23
General information. Synthesis in THF leads to an axial solvent coordination to the Mo 2 4+ unit, which cannot always be totally removed in vacuum. Thus, residues of THF can be observed in the corresponding NMR and IR spectra as well as elemental analysis. All relevant spectra are given in the ESI (Fig. S9 -S39 †).
[Mo 2 (O 2 C-C 2 H 4 -PPh 2 ) 4 ] (1). Molybdenum(II) acetate (200 mg, 0.47 mmol, 1.00 equiv.) and 3-(diphenylphosphino)propionic acid (507 mg, 1.96 mmol, 4.20 equiv.) were dissolved in THF (10 mL) and stirred at room temperature for 16 h. The solvent was removed under reduced pressure, and the yellow solid subsequently washed two times with dry MeOH (5 mL). The solid was recrystallized two times from THF (3 mL), storing the solution at −30°C for three days. Finally, the mother liquor was decanted off and the solid dried under vacuum. Crystalline yield: 310 mg (49%), relating to 1 (·2 thf ). Single crystals suitable for X-ray analysis were obtained from slow diffusion of n-pentane into a solution of 1 in THF. The formation of a 1D coordination polymer is observed in the corresponding solid state structure. 1 
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